This paper presents a verification of the performance of the stormwater drainage system in Gaj and Tarnogaj residential developments in Wrocław with regard to climate changes, by means of a calibrated hydrodynamic model created within the SWMM software. The verification was carried out for two criterial rainfalls: the Euler model rainfall with occurrence frequency C = 3 years and an actual rainfall with C = 5 years. Two parameters: degree of flooding (DOF) and specific flood volume (SFV) were adopted to indicate potential system overloads. The simulations showed numerous outflows from the sewers, which means, that the investigated system needs adapting to climate changes. The causes of this should be sought in the too small diameters of the sewers and so in the insufficient hydraulic capacity of the sewerage system dimensioned in the past using methods which are inadequate today.
Introduction
Because of the random character of precipitation, the operation of stormwater drainage or combined sewer systems cannot be entirely reliable. Extreme natural phenomena (intensifying in recent years), such as torrential or persistent rains, and the resulting urban floods cause substantial economic losses [1] [2] . According to EN 752, efforts should be made to achieve the currently required water drainage standard for urban areas, defined as the adaptation of the drainage system to receiving the maximum (forecasted) rainfall water streams occurring with a frequency equal to the allowable (socially acceptable) frequency of occurrence of a terrain surface flooding (Table 1 and Table 2 ). Stormwater sewers should have such diameters that their total capacity will always be greater than the design runoff (Table 1) . But the dependence between the frequency of the assumed rainfall and the flooding frequency (Table 1 and Table 2 ) cannot be generalized since the description of the motion of the liquid in sewers is nonlinear. The dependence can be determined only through the hydrodynamic modelling of a given sewerage system. German recommendations DWA-A118 of 2006, introducing the concept of the frequency of surcharging up to the ground level in sewerage system performance check calculations (Table 3) , can be helpful in this regard. Then in an indirect way one can determine the overload state closest to the subsequent flooding. A serious flooding hazard will occur when water exceeds the level of street kerbs and enters the adjacent properties, the basements of the buildings, etc.
Considering the current knowledge of the future trends in climate change [3] [4] [5] [6] [7] [8] [9] , the design rainfalls can be adjusted to terrain drainage dimensioning ( Table 1 and Table 3 ) by correcting the current rainfall intensities or by changing the frequencies of their occurrence in the future. In [10] it was shown that today's rainfall events with a statistical repeatability of, e.g., five years, in the future will be events with a frequency of occurrence C = 2 years. Therefore a scenario of rainfalls with C = 5 years instead of C = 3 years is recommended for verifying the occurrence of future surcharging events in housing areas and a scenario of precipitation with C = 100 years is recommended to ensure the currently allowable flooding frequency of once every 20 years (Table 4) .
A considerable number of stormwater drainage systems in Poland was dimensioned using rainfalls intensity formulas which are inadequate today. As a result, the systems are likely to be unable to meet the requirements concerning the allowable frequency of sewer overflows (especially in the future) [12, 13] .
This paper presents a verification of the stormwater drainage system performance in Gaj and Tarnogaj residential developments in Wrocław for the present and forecasted future rainfalls.
Model drainage area and research methodology
A hydrodynamic model of the stormwater drainage system, created within the SWMM software, was used for this study. The drainage area is F = 104 ha. The main stormwater sewer (KD1) network consists of concrete sewers 0.30-1.20 m in diameter. The total length of the sewers amounts to about 17730 m and the number of manholes to 509. Seventy five drainage sub-catchments were distinguished in the model [14] .
Calibration of the hydrodynamic model included the following hydraulic and hydrological parameters: roughness coefficient of the sewer's interior, roughness coefficient of runoff area, depth of depression storage, and hydraulic width of the overland flow path. For the calibration and validation of the model, rainfall data from the two-year observation period (5 precipitation for calibration and 3 for validation), with the amounts from 9.7 to 28.4 mm and durations from 42 to 1486 minutes were used. The rain gauge, from which rainfall data were applied, is located only 620 m from the center of gravity of the analyzed catchment. The aim of the calibration was to achieve the highest possible compliance between simulated and measured values for the runoff volume balance. Two parameters: degree of flooding (DOF) and specific flood volume (SFV) were adopted to indicate potential system overloads.
where: N f -number of flooded manholes, N -total number of manholes.
where: FV -flood volume, m 3 , SS -sealed surface, ha.
The limit values of parameters (1) and (2) should be set individually. For example in [15] , for three sewerage systems in North Rhine-Westphalia, the limit values of the parameters were determined to be: DOF = 0.33 and SFV = 13 m 3 /ha.
The Euler model rainfall type II with occurrence frequency C = 3 years and an intensive rainfall (of 19.07.2015) with the frequency of occurrence in Wrocław C = 5 years were assumed as the drainage area load for respectively the current supply conditions and the future supply conditions.
The model rainfalls are synthetic rainfall histograms created on the basis of local formulas for rainfall depth-duration-frequency (DDF) or intensity-duration-frequency (IDF). In the hydrological conditions of Wrocław, the DDF model is applied. The model has the form: 
where: h -precipitation amount, mm, t -precipitation duration, min, p -occurrence probability, p = 1/C. The idea of the model is to most closely represent the pattern of typical rainfalls characterized by time-variable intensity. An example here is the Euler model rainfall type II recommended by DWA-A118:2006 for modelling sewerage in Germany, and also in Poland [12, 17] .
Verification of overloads for model rainfall
In order to verify the occurrence of surcharging in sewers in accordance with DWA-A 118:2006 one should load the investigated residential development drainage area with rainfall with occurrence frequency C = 3 years and duration at least twice longer than the time of the flow in the network. Since in main sewer KD1 this time amounted to 45 minutes, the Euler model rainfall for t = 90 min and C = 3 years was adopted. Fig. 1 shows the main sewer profile with the maximum overloads.
In the simulation instant shown in Fig. 1 , at 2/3 of the length of main sewer KD1 sewage flows under pressure. Several critical points with up to the ground level surcharges, and floodings occur along the route of KD1. In this 
Fig. 2 Localization of floodings from stormwater drainage system for
Euler model rainfall type II for C = 3 years and t = 90 minutes study, it was assumed that outflows with a volume of over 100 m 3 can pose potential hazards. Then assuming the water height to be at the level of pavement kerbs (0.15 m), the inundation would cover an area larger than 25 m × 25 m = 625 m 2 , which corresponds to a typical drainage gully spacing of 25 m [12] . There are 14 such nodes in the investigated network (Table 5 ). In the analysis of surface flooding, the default SWMM program settings were used in this area -no special methods were used.
The longest duration (about 50 minutes) outflows occurred in nodes no. 47 and 168 (with a volume of 146 and 195 m 3 , respectively). An extremely large outflow volume, amounting to 481 m 3 and lasting for 25 minutes, was found to occur in the node no. 423 area. Fig. 2 shows the locations of the 14 areas in which sewerage surcharges and substantial floodings occur.
The indicators: DOF and SFV were used to describe the overload of the system. They were calculated from formulas (1) and (2) . According to the criteria in [15] , DOF < 0.33, while SFV > 13 m 3 /ha indicates the system should be upgraded right now.
Verification of overloads for actual rainfall
The actual rainfall of 19.07.2015 was used to verify the performance of the sewerage system in climate change conditions. The rainfall histogram for five minute time intervals is shown in Fig. 3 . Fig. 4 shows the KD1 main sewer profile at the 20th minute of rainfall duration, i.e. when the maximum overloads occur. At this instant at 2/3 of the length of trunk sewer KD1 the sewage flows under pressure (similarly as for the Euler model rainfall type II). There are numerous critical points where storm sewage reaches the ground level.
For the rainfall with C = 5 years, floodings in 17 nodes (Table 6) . According to the criterion in [15] , the SVO value >> 13 m 3 /ha indicates an urgent need to adapt the stormwater drainage system in the residential developments to climate changes.
Conclusions
The verification of the performance of the stormwater drainage system in Gaj and Tarnogaj residential developments in Wrocław has been presented. The verification was carried out using a calibrated hydrodynamic model of the system, created within the SWMM software. Two rainfalls: the Euler model rainfall type II with the frequency of occurrence in Wrocław C = 3 years for the current drainage area supply conditions and an actual intensive rainfall with occurrence frequency C = 5 years for the supply conditions in the future were used as the catchment load.
The degree of flooding (DOF) and the specific flood volume (SFV) were adopted as the criteria for describing the system overload. In the case of the model rainfall (with frequency C = 3 years) for SFV = 44.1 m 3 /ha > 13 m 3 /ha the system was found to be in need of upgrading. In the case of the actual rainfall (with frequency C = 5 years) for SFV = 64.4 m 3 /ha > 13 m 3 /ha the system was also found in need of adapting to climate changes.
Thus the simulations showed that the investigated system does not meet the current standards. The causes of this should be sought in the too small diameters of the sewers and so in the insufficient hydraulic capacity of the sewerage system dimensioned in the past using methods which are inadequate today. In the unvaried (flat) terrain where the considered residential developments are located, outflows with a volume > 100 m 3 in most cases occurred in the areas with the smallest sewer diameters: 0.30, 0.40 and 0.50 m.
In the case when local system overloads are identified, further risk assessments are necessary [18] . They can be carried out on the basis of GIS or in-situ evaluations as part of an additional system performance simulation combined with a digital terrain model. This is recommended particularly when the criterial evaluation parameters (DOF and SFV) indicate an urgent need of adaptation [12] . A detailed analysis of the results of such simulations will enable one not only to demarcate the boundaries of floodplains, but also to specify the water depths and consequently, to determine the actual flooding hazard. In the hazardous areas, one should consider locating stormwater tanks or use other ways of relieving the network (e.g. drainage on individual premises) [19] [20] [21] [22] [23] .
